Although litter production is an essential floodplain forest function, the drivers and their relative importance remain largely unknown, especially in semi-arid rivers. The influence of forest structure, flooding regime, soil conditions, and litterfall chemistry (a total of 17 variables) on spatial variability of litter production within the Middle Ebro River floodplain forests (northeastern Spain) was examined by monitoring litterfall in 12 forest plots in 2007. Linear mixed effects (LME) models, using stem density (SD), river distance (RD) (or soil total organic C (TOC)), and soil total P (TP) as independent predictors, explained 51% of the variance in litter production, while an alternative LME model using SD and P use efficiency (P-NUE) explained 40%. In particular, litter increased with SD and TP and decreased with RD, P-NUE, and TOC. Based on these results, P limitation appears to be controlling litter production in a rather dry hydrological regime. We hypothesized that a deficient sediment input at the plot scale (especially in the outer floodplain), with flood quality (overbank flooding, ground-water seepage, ponding) being a greater determinant than quantity (flood duration, water table levels), might ultimately be responsible for the spatial variability observed in litter production.
Introduction
Floodplain forests perform essential ecological functions such as flood buffering, water quality improvement, wildlife refuge, channel stabilization, and nutrient recycling. They are also great primary producers (Brinson 1990; Naiman et al. 2005) . Overall, within the framework of regional geochemistry, with higher productivity in eutrophic than in oligotrophic floodplains Schilling and Lockaby 2006) , the productivity of riparian forests is determined by the flooding regime and soil fertility. Floods may increase productivity by improving soil fertility through the deposition of nutrient-laden sediments (Noe and Hupp 2005) , the enhancement of decomposition (Baker et al. 2001 ), and P availability (Wright et al. 2001) . Simultaneously, floods can decrease productivity because of prolonged anoxic conditions that damage roots (Odum et al. 1979; Megonigal et al. 1997) . Within an entire growing season, the negative effects (stresses) of cumulative flood events can offset the positive (subsidies), depending on their timing, duration, hydrologic energy, and the biomass compartment analyzed (i.e., roots, wood, and litterfall) (Megonigal et al. 1997 ).
Among the biomass compartments, litterfall represents a critical pathway for nutrient transfer in riparian ecosystems (Wallace et al. 1997) . Notable differences in litter production within riparian forests can be found among geoclimatic regions. In floodplain forests, the highest litter productions are generally found in the equatorial zone (1072 gÁm -2 Áyear -1 ) and progressively decrease to the poles (98 gÁm -2 Áyear -1 ) (Naiman et al. 2005) . Within a particular major world biome, various studies collectively support that flooding regime and soil fertility also control litter production (Naiman et al. 2005) , although their interaction is not well understood. In fact, the majority of litterfall productivity comparisons under different flooding regimes have been developed in wetland forests on the ''wet side'' of the subsidy-stress curve, especially of the Southeastern US region (see review by Clawson et al. 2001) , whereas the ''dry side'' of the curve has received much less attention (e.g., Megonigal et al. 1997; Burke et al. 1999) . In this sense, the Mediterranean region offers an excellent framework to study floodplain forest response under rather dry hydrologic regimes, where the anoxic conditions typical of wetter areas are less likely to constrain litter production compared with nutrient and moisture limitations that are subsidized by flooding. Despite this potential, the factors affecting litterfall have never been assessed in the Mediterranean region. Indeed, the few existing studies of litterfall in Mediterranean riparian settings estimated litter production with the purpose of quantifying the total input of allochthonous material to streams, instead of seeking the mechanisms controlling litter production itself (e.g., King et al. 1987; Maamri et al. 1994) .
In addition to flooding regime and soil fertility, litter production depends on the structural characteristics of riparian forests. On one hand, forest composition must be considered, with more diverse forests usually exhibiting higher productivity (Pozo et al. 1997 ) and some species being more effective litter producers than others (Meier et al. 2006 ). On the other hand, part of the variability in litter production can be attributed to the successional stage of the forest (Brinson 1990; O'Keefe and Naiman 2006) . Therefore, traditional forest structural parameters such as basal area (BA), canopy and stem volume have been proven to be significant predictors of litter production as well (O'Keefe and Naiman 2006) . Although the importance of forest structural characteristics in determining litter production has been widely recognized, the extensive series of field measurements necessary to obtain accurate estimations of litter production is a serious drawback, and most studies addressing the influence of flooding regime and soil conditions on litterfall have deliberately minimized structural diversity in their sampling design. Likewise, studies examining the role of forest structural parameters as litter predictors do not usually focus on flooding gradients. Thus, the relative importance of flooding, soil conditions, and forest structural factors on litter production still remains largely unstudied.
Nutrient availability as reflected in litterfall chemistry is another possible factor influencing litter production in floodplain forests. Although litter nutrient content and nutrient circulation in floodplain forests are generally included in litterfall studies (see review by Troxler Gann et al. 2005) , their potential as litter production predictors has received less attention, especially in tree communities. Forest stands may be classified as efficient or inefficient in their use of nutrients, the former suffering from higher nutrient limitations than the latter (Vitousek 1982 (Vitousek , 1984 . According to Vitousek (1982 Vitousek ( , 1984 , an efficient community could fix a higher amount of C per unit of nutrient uptake, eventually leading to higher C/nutrient ratios in litterfall. Thus, the nutrient use efficiency (NUE) of a given nutrient (total litterfall divided by total nutrient content in litterfall) (Vitousek 1982) at the community level would provide information on possible nutrient deficiencies in the system and subsequent constraints to litter production. Nutrient resorption proficiency, the terminal concentration of nutrients in senesced leaves (sensu Killingbeck 1996) , is another parameter that can respond to changing nutrient availabilities. Finally, nutrient ratio imbalances in plant tissues are indicative of differences in vegetation productivity (Bedford et al. 1999; Lockaby and Conner 1999) , and their examination complements the interpretation of NUEs and resorption proficiencies. For example, N/P balances in senesced leaves have been proposed as a tool to examine differences in vegetation productivity in forested wetlands . Indeed, N and P are the most commonly studied nutrients in floodplain forests, as previous studies have shown their limitations in the environment (Vitousek and Howarth 1991; Bedford et al. 1999; Lockaby and Conner 1999) .
The main purpose of this study was to assess the factors driving local spatial variability in litter production of a Mediterranean floodplain forest. More specifically, we aimed (i) to test the hypothesis that, within a floodplain section characterized by an intermediate to dry flooding gradient, litter production is less in drier local flooding regimes than in wetter regimes, and (ii) to examine the capacity of litterfall chemistry parameters as alternative litter production predictors, compared with forest structure, soil fertility, and flooding parameters.
Materials and methods

Study area
The study was conducted in the Alfranca Reserve (41836'N, 0846'W), an 8 km segment of forest along the Middle Ebro River (NE Spain), the second largest river in the semi-arid Mediterranean region. At the Zaragoza gauging station (41839'N, 0852'W), which is 12 km upstream from the study area, the Ebro is a 9th order river (A. Ollero, personal communication (2009) ) with an average monthly discharge of 230 m 3 Ás -1 . The flow regime is characterized by a severe summer drought and high flow periods during winter and spring, coinciding with higher precipitation and snow-melt in the bordering mountain ranges. Nutrient loads in the Middle Ebro River are rather high as a consequence of widespread agricultural, urban, and industrial activities in the floodplain (Torrecilla et al. 2005) . Total annual precipitation recorded at the Alfranca weather station is 374 mm (Regional Weather Agency). Flow regulation and flood protection, including the construction of dams, dikes, and diversions, have been especially intense since the 1950s and have severely disrupted the natural hydrologic and geomorphologic dynamics of the studied stretch during the last few decades (Ollero 2007) . Land reclamation for agriculture and human settlements has reduced the surface occupied by natural forest to~4.5% of the Middle Ebro floodplain (Ollero 2007) . Today, the surviving riverine tree community is dominated by several phreatophyte species, namely European white poplar (Populus alba L.), European black poplar (Populus nigra L.), white willow (Salix alba L.), and saltce-dar (Tamarix gallica L., Tamarix africana Poir., and Tamarix canariensis Willd.). Late-seral hardwood species such as field elm (Ulmus minor auct. non P. Mill.) and narrow leaf ash (Fraxinus angustifolia Vahl) are commonly found and, occasionally, attain tree size (González et al. 2010) . All tree species present in the floodplain forest are deciduous.
Plot selection
A total of 12 plots covering a variety of forest patches differing in tree species composition, structure, and flooding regime were established within the Alfranca Reserve (Fig. 1) . The plots were placed within the floodplain according to the following criteria: (i) plots distributed according to the local proportion of existing geomorphic landforms (1 plot on a gravel bar, 5 plots on the natural levee of a permanent or intermittent channel, 6 plots on floodplain terrace), (ii) no more than one plot in each forest patch to avoid pseudoreplication bias, (iii) variable plot dimensions to geometrically adapt to each distinctive riparian forest patch but always with a size of 500 m 2 and rectangular-shaped to fit within the usually elongated forest patches, (iv) buffer dis-tance of at least 5 m from the plot to the forest edge, and (v) all plots in mature forests. The last condition was set to deliberately avoid sampling young successional forests, since litter traps are not designed to capture materials growing close to the ground, common in early-seral stages (Naiman et al. 2005) . The plot Universal Transverse Mercator coordinates were recorded using a differential global positioning system (DGPS) Topcon1 with 3 cm of vertical accuracy.
Litterfall collection and processing
Litterfall was collected monthly from January 2007 to December 2007 after randomly setting up 10 litterfall traps in each plot. Each trap consisted of a 0.25 m 2 square metallic frame elevated 1 m above the forest floor, hanging from nearby trees by ropes. A synthetic 75 cm deep bag with a 1 mm mesh was attached to the frame, allowing rapid drainage of rainwater to reduce weight loss by leaching. Two small stones were placed in each bag to weight down the trapped material and keep the bag extended. Traps were emptied monthly, and the samples were brought to the laboratory to be sorted into five categories: woody (bark and Fig. 1 . Location of the 12 study plots within the Middle Ebro River floodplain with corresponding local flooding regimes. FD, flood duration (weeksÁyear -1 ); DGW, annual mean depth to ground water (cm); RD, river distance (m). The plots were numbered by FD in decreasing order. White lines represent the lateral dikes built for flood protection. Broken white lines denote the limits of the Alfranca Reserve. The variation in water level at the 12 study plots was registered by weekly measurements in a piezometer installed in each plot. The Middle Ebro River flow discharge data were collected at the Zaragoza gauging station. The 2007 curve was made using 15 min interval data, whereas the curve for the period 1981-2003 is the monthly average flow. twigs 1 cm diameter), buds and scales, reproductive (flowers, fruits, and seeds), leaves (by species), and unidentifiable debris. Large woody material (bark and twigs >1 cm diameter) and animal remains (excrement, dead bodies, molts, feathers) were removed from the samples. Samples were oven dried at 60 8C for at least 72 h until a constant mass was attained, and then weighed. Subsamples of each fraction were ground to a homogeneous powder using an IKA A10 mill and then stored in a dark desiccator until chemical analyses were performed. Vandalism, tree falls, and flooding caused the loss of 11% of the samples. Damaged bags were replaced during weekly patrols to maintain 10 traps per plot each month. Missing data were estimated using averaged daily litterfall rates per month and plot, calculated with the available data.
Forest structure
Diameter and species of every stem in a plot was recorded of individuals whose height was 1.3 m and diameter at breast height (dbh, 1.30 m) was 2.5 cm. Exceptions had to be made with saltcedars because of their shrubby architecture (diameter was measured at 0.30 m, d30 2.5 cm). BA (m 2 Áha -1 ) and stem density (SD) (stemsÁha -1 ) of live stems within each plot were then calculated. The contribution to litter production of the smaller stems was considered negligible and, therefore, they were not computed for BA and SD calculations. Tree species richness (RICH) was the number of species found in the plot. As determination of saltcedar species is difficult because of morphological similarities and frequent hybridization, the three existing species in the study area were considered as a group for all calculations.
Flooding regime
In 2006, a 6 m depth piezometer was installed in each study plot using a rotary drill rig. The water table level in each piezometer was measured manually on a weekly basis during 1 year in 2007 and was averaged to calculate the annual depth to ground water (DGW) at each plot. During floods, some of the piezometers were inaccessible. Then, the height of the water column was estimated as the difference between the top of the piezometer and the river water at an accessible position close to the plot, using the DGPS. For each plot, the flood duration (FD) was calculated as the number of weeks with the water table above substrate level. River distance (RD) was computed as the shortest distance from each plot to the unprotected main channel (i.e., river segment with no dikes) at low flow using ArcGis 9.2 ( Fig. 1 ).
Soil conditions
Three topsoil (0-10 cm) samples were randomly collected from each plot in late summer 2006 using an undisturbed soil sampler (5 cm diameter steel tube, P.1.31 Eijkelkamp) after the litter layer had been manually removed. Samples were passed through a 2 mm sieve after air drying to remove rock and larger organic matter fragments. Samples were then treated with 10% hydrogen peroxide to eliminate the organic matter and a polyphosphate solution to disperse the soil particles. The fine (i.e., FINE silt plus clay, percent) fraction was calculated gravimetrically by sieving sub-samples of the remaining material through a 63 mm screen. Total organic C (TOC) (percent) was measured with a LECO SC 144 DR elemental analyzer after combusting a subsample of soil and soil ashes (previously burned at 450 8C for 3 h). Total N (TN) (percent) was measured by combustion using a varioMAX N/CN elemental analyzer. Total P (TP) (percent) was analyzed using an inductively coupled plasma emission spectrometer (ICP) after exposing soil subsamples to a HNO 3 -HCl solution and digesting them in a microwave digester MWS-3 Berghof.
Litterfall chemistry
Litter C and N concentrations (percent) were measured by combusting subsamples of each litter fraction collected in litterfall traps with a varioMAX N/CN elemental analyzer. Litter P concentration (percent) was determined by ashing the subsamples at 450 8C for 3 h, followed by digestion in a 3.5 molÁL -1 double-acid solution (HNO 3 -HCl, 1:3) and analyzed spectrophotometrically by the standard vanadate-molybdate method (Allen et al. 1976 ). Total C, N, and P in litterfall were computed by multiplying the C, N, and P concentrations of each litter fraction by their respective weights and adding the subtotals, and then used to calculate C/N, C/ P, and N/P atomic ratios (molÁmol -1 ). Nitrogen use efficiency (N-NUE, gÁg -1 ) and P use efficiency (P-NUE, gÁg -1 ) were calculated as total litterfall divided by TN and TP in litterfall, respectively (Vitousek 1982) . Nitrogen and P resorption proficiency (%) were calculated by averaging the respective nutrient terminal concentration in fallen leaves of the different species composing each plot (Killingbeck 1996) .
Statistical analyses
The independent capacity of each variable (forest structure, flooding regime, soil condition, and litterfall chemistry) as a litterfall predictor was preliminarily evaluated by means of Spearman's rank correlation coefficient. To explore the relative importance of the variables on litter production, a series of linear mixed effects models (LME) (Pinheiro and Bates 2000) with litterfall as the response variable and different combinations of litterfall predictors were performed. LME models were selected because they allow introducing fixed and random effects, thus accounting for pseudoreplication. The models were run using (1) forest structure, (2) flooding regime, (3) soil conditions, and (4) litterfall chemistry variables alone and all their possible combinations (i.e., 1 + 2, 1 + 3, 1 + 4, 2 + 3, 2 + 4, 3 + 4, 1 + 2 + 3, 1 + 2 + 4, 2 + 3 + 4, 1 + 2 + 3 + 4 = full model) as fixed effects. To correct the regression models for spatial pseudoreplication, the variable ''study plot'' was introduced as a random effect. As a high level of multi-collinearity was expected among the litterfall predictors, Spearman's rank correlation coefficients were used as preselection of predictors, selecting those having r s < 0.7. In this sense, when a pair of predictors had r s 0.7, the one registering a lower correlation with the response variable (litterfall) was removed from the analysis. After that, a stepwise backward selection of predictors was performed to retain only the most significant ones (p < 0.05) in explaining the response of litterfall, testing each step with a likelihood ratio-test (Crawley 2002) . Pearson's product-moment correlation between the observed and pre-dicted values was used to assess the goodness of fit of the final models. The LME models were carried out using the functions available in the package ''nlme'' (Pinheiro et al. 2007 ), R 2.8.1 software (www.R-project.org). Once the main predictors were identified, the sum of independent and shared variance in litterfall explained by each significant predictor (i.e., the relative contribution) in each model was assessed through hierarchical partitioning (Chevan and Sutherland 1991) . To that end, we used the functions available in the package ''hier.part'' (Walsh and McNally 2007) , R 2.8.1 software.
Results
Litter production
Mean litter production recorded in 2007 over the 12 study plots was 563 ± 55 g of dry matterÁm -2 Áyear -1 (mean ± 1 SE). The range of variation was rather wide, with a factor of 4.6 between the minimum (199) and maximum (916 g of dry matterÁm -2 Áyear -1 ) ( Table 1) .
Forest structure
BA and SD notably differed along the studied plots (Fig. 2) . The contribution of each species to BA and SD was also very variable, but 90% of the total BA and 80% of the total SD were generally provided by only three species (P. nigra, Tamarix spp., and P. alba). Tree species richness was even more uneven; ranging from monospecific stands to plots with up to six species, although the majority of plots were characterized by an overstory dominated by Populus spp. with a subcanopy of Tamarix spp. and (or) Ulmus minor.
Flooding regime
No plot was continuously flooded or permanently dry in 2007 ( Fig. 1) . All of them were inundated only during the episodic late-winter and spring flood events typical of the Middle Ebro flooding regime. However, differences in flood duration and mean depth to ground water were observed between plots. The plots with greater RD were usually the drier (fewer number of weeks flooded), but there were a few exceptions to this trend (e.g., plots 11 and 12). Although not specifically measured in this study, the same flood event could cause either overbank flood or ground-water seepage (and occasionally water ponding) depending on the position of the plot in the floodplain.
Soil conditions
Soils of the Ebro River floodplain were dominated by fine particles in 10 of the 12 plots (Table 2) . Although all soils were mineral (TOC <5%), a TOC gradient was observed along the plots. Soil TOC, and also soil TN, corresponded well with the geomorphic landform, with the floodplain terrace soils being more organic and N-rich than the levees and point bar. Soil TP was about three times lower (by mass) than soil TN.
Litterfall chemistry
Litter C/N, C/P, and N/P atomic ratios averaged 53, 1382, and 26 molÁmol -1 , respectively, but varied widely between plots (Table 3) , with CV C/N = 16%, CV C/P = 32%, and CV N/P = 20%. N-NUE and P-NUE averaged 99 and 1184 gÁg -1 and also substantially differed along the floodplain (CV N-NUE = 15% and CV P-NUE = 32%). Likewise, proficiency was less variable for N (CV N = 15%) than for P (CV P = 27%) with respective means of N = 0.9% and P = 0.07%.
Predicting litter production
In a first stage, the 17 parameters were tested individually as litterfall predictors using Spearman correlation tests (Fig. 3) . A total of 13 were significantly correlated with litter production. However, the models were generally weak, as they could only predict less than one third of the variance in litter production. In particular, two of the three structural parameters of the tree community (BA and SD) were significantly correlated with litter production. Litter increased with higher BAs and SDs, whereas species richness did not have a significant influence on litter production. Likewise, two of the three flooding regime surrogates exhibited a significant relationship with litter production. In particular, litter was inversely related to RD and positively related to depth to ground water. Concerning soil conditions, the response of litter production was significant for two of the four parameters. It increased with higher TP concentrations, but decreased with more organic soils. Lastly, litter production responded significantly to the seven litterfall chemistry parameters. It decreased in tree communities that were more efficient (with higher NUEs) in using nutrients and proficient (with lower %N and %P in senesced leaves) in their resorption, but increased with decreasing litter C/N and C/P. Litter also decreased at low litter P concentrations relative to N, as shown by the inverse relationship between litter N/P and litter production.
In a second stage, correlations between litterfall predictors were tested (Table 4) . A rather high level of multi-collinearity was found. Soil TOC and soil TN varied in concordance with the flooding regime, whereas soil TP and soil fine fraction (FINE) tended to be significantly correlated with the litterfall chemistry variables and not with any of the flooding regime parameters. The forest structural parameters were neither correlated between them nor with the flooding, soil, or litter chemistry variables. Lastly, high multi-collinearity was observed within the litterfall chemistry variables.
In a third stage, attempts were made to find the best LME models for predicting litter production. The three best LME models for predicting litter production using a combination of forest structure, flooding regime, soil conditions, and litterfall chemistry variables are summarized in Table 5 . The remaining seven LME models were discarded, as the Pearson's correlation coefficient (R) was notably smaller (data not shown). The LME model performed with the four groups of variables (combining the 17 variables = full model) finally selected only 3 (RD, soil TP, and tree SD) and explained 51% of the variance in litter production. In particular, it predicted higher litter production with decreasing RD, which accounted for the highest contribution to the model, and with increasing TP and SD; whereas it excluded all the litterfall chemistry variables. A second alternative LME model, performed with only the forest structural and soil variables (7 variables) also explained 51% of the variance in litter production, predicting higher production with increasing TP (highest contributor), increasing SD, and decreasing TOC. A third alternative LME model, performed with forest structure and litterfall chemistry variables only (10 variables), explained 40% of the variability in litter production with only 2 variables, namely SD and P-NUE (highest contributor). As expected, the model predicted a positive litter production response to increasing SD and decreasing P-NUE. No parameter on litterfall N concentration was included in this last model.
Discussion
Drier hydroperiods may limit litter production by a deficient input of nutrients
Within the framework of an intermediate to dry flooding gradient, the examination of the interaction between flooding regime, soil conditions, and litterfall chemistry variables with litter production suggests the existence of nutrient con-straints to litter production in the study area. The more efficiently (i.e., higher NUE values) and proficiently (i.e., lower nutrient concentration values in litter leaves) N and P circulate, with increasing C/N and C/P ratios, the less litterfall is produced. According to the weak, but significant, positive correlation between depth to ground water (DGW) and litter production, it would seem that, in this case, the stresses of floods slightly exceed the subsidies. However, DGW and flood duration (FD) are not included in any of the LME models explaining the variability in litter production. To understand this contradiction, we hypothesize that the detected nutrient constraints to litter production are more influenced by a relatively deficient input of allochthonous nutrients to forest soils, rather than by the changing soil fertility and physiological responses following water table fluctuations. We base our suggestion on the high predictive capacity of the full LME model, with RD contributing up to 39% of the total explained variance in litterfall (following an inverse relationship), while FD and DGW were excluded. RD is a determinant for the input of allochthonous nutrients to forest stands through sediment deposition during overbank floods. The deposition of sediment-borne nutrients across the floodplain is enhanced by the physical interaction with plant communities and other elements of the floodplain, as the river water flows across the floodplain and de-creases the carrying capacity of sediments with slower flow velocities (Vought et al. 1994; Reddy et al. 1999; Olde Venterink et al. 2006) . Thus, less deposition during overbank flood events is expected with increasing RD (Kleiss 1996; Walling and He 1997) . Meanwhile, the fact that the type of inundation (overbank flooding, ground-water seepage, or ponding) is not considered in the FD and DGW parameters limits a clear relationship between these variables and the input of allochthonous nutrients, which hence, according to our hypothesis, would reduce their capacity of prediction. In other words, we interpret that the quality (overbank flooding, ground-water seepage, or ponding, in turn determining sediment-borne nutrient deposition) rather than the quantity (flood duration and water table levels, in turn determining the changing soil chemistry) of the flooding regime could be the main driver of litter production in the study area. Thus, drier flooding regimes would be actually more detrimental to litter production than wetter regimes in the ''dry side'' of the subsidy-stress curve, because of a deficient input of nutrients with RD. The future use of tools to accurately predict the type of inundation at the plot level, such as flow models (Beffa and Connell 2001) , and the monitoring of sediment deposition rates and sediment quality (Noe and Hupp 2005; Olde Venterink et al. 2006 ) seem necessary to complement the simple hydrological surrogates (e.g., RD, FD, and DGW), and test our hypothesis. At the very least, the high contribution of soil TP in the two best LME models indicates the importance of the flooding regime on litter production, as soil TP integrates the historical hydrological conditions of the site (Mitsch et al. 1991) , which would have influenced the phenotypic response of trees in terms of litter production under different soil fertilities. P more limiting than N Generally, productivity in terrestrial forests is primarily limited by N and secondarily by P (Vitousek and Howarth 1991) . However, in forested wetlands, P limitation or N and P co-limitation is more common than N limitation (Bedford et al. 1999 ). In the Ebro River, the inverse relation between N/P ratio and litter production, the presence of TP in the first two LME models, and P-NUE in the third one might indicate higher P deficiencies in the ecosystem relative to N. Other authors also found a stronger limitation in P than in N when examining the nutrient cycling in forested wetlands. For instance, Schilling and Lockaby (2006) reported higher NUE and resorption proficiency in P than in N in an oligotrophic river in Georgia (USA) but attributed them to the deficient P inputs because of the low sediment loads characterizing the river waters. In the case of the Ebro River, a stronger P than N limitation to litter production is consistent with our suggestion of deficient nutrient input to forest soils controlled by RD and subsequent quality of the flood events. In general, more than one half of the TP flowing in river waters is transported as particulate P, whereas less than 10%-20% of the TN travels bound to particles (Vought et al. 1994) , with direct uptake from ground water and mineralization from soil organic matter (Schade et al. 2002 ) and, to a lesser extent, atmospheric deposition and N 2 fixation (Olde Venterink et al. 2006 ) as alternative sources of N for floodplains forests. Therefore, an eventual deficit of nutrient deposition by sedimentation would be more detrimental for P plant availability than for N, ultimately affecting litter production. Consistently with these ideas, the significant contribution of TOC to the second-best LME model, although low, might be due to the capacity of soil organic matter to sequester P (Reddy et al. 1999) , thus making it less available to plants, leading, in turn, to lower productivity. Table 4 . Spearman's correlation coefficients between the parameters describing the tree community structure, flooding regime, soil conditions, and litterfall chemistry across the 12 study plots. Table 5 . Results of linear mixed effects models (LME) performed between total litter production (response variable) and forest structure, flooding regime, soil conditions, and litterfall chemistry surrogates (explanatory variables).
Approach
Model fit* *AIC and BIC are the Akaike and Schwarz-Bayesian information criteria and complement R 2 to indicate the fitness of the models, with the small values the best models. { RD, river distance; TP, total P in soil; SD, stem density; TOC, total organic C in soil; P-NUE, P use efficiency.
{
The relative contributions (%) of each explanatory variable to the total explained variance in litter production were calculated by means of hierarchical partitioning. 
Forest structure determining litter production at both plot and floodplain scales
The observed nutrient constraints to litter production at plot level contrast with the medium to high total recorded litterfall at the floodplain level, if compared with other forested ecosystems in Mediterranean riparian settings (Table 6 ). In addition, the mean of 563 gÁm -2 Áyear -1 found in the Ebro floodplain is slightly higher than the global means reported by Bray and Gorham (1964) (550 gÁm -2 Áyear -1 ) and Naiman et al. (2005) (498 gÁm -2 Áyear -1 ) for riparian forests of the warm temperate zone. Although there is no clear relationship between nutrient concentration in water of wetlands and nutrient availability for plants (Bedford et al. 1999) , the high nutrient loads of the surface and ground water of the Ebro River (Torrecilla et al. 2005 ) could be one of the factors underlying the rather high productivity at the floodplain level. This would be consistent with the rather low averaged NUEs registered in the Ebro, if compared with the mean values reported by Troxler Gann et al. (2005) for seven studies in temperate floodplain forests (N-NUE = 111, P-NUE = 1464); with the overall intermediate resorption proficiencies (N 0.7% and 1.0% and P 0.05% and 0.08% sensu Killingbeck 1996) ; and with the mean N/P ratio of 26.0, close to the optimum atomic ratio of 26.5 proposed by Lockaby and Conner (1999) for a balanced element supply for forested wetlands productivity. However, possible high nutrient availabilities for plants in the Ebro would contrast with the observed high litter C/N, C/P ratios (well above the respective C/N and C/P ratios of 16 and 200, necessary for complete litter decay according to Brinson 1977 ) and with the low soil TP and TN, if compared with the values reported by Bedford et al. (1999) for mineral soils of temperate North American wetlands (P ranging from 0.01% to 0.70% and N from 0.09% to 1.50%).
An alternative explanation to the high forest productivity could rely on the structural characteristics of the tree community in the Ebro River, with notably higher BAs and stem densities than the average of 94 temperate riparian forests worldwide (Brinson 1990) , namely 21% and 194% higher, respectively. Nevertheless, the comparisons must be made with caution. Firstly, the woody fraction is not always computed in litterfall studies, and then global means can underestimate the actual litter production of a region. Secondly, the inter-annual variability was not registered in this study with only 1 year of litterfall monitoring, so the effects of some factors, such as annual rainfall, on litter production could not be assessed. For example, Greenway (1994) reported a decrease of about 10% of total litterfall in a drought year compared with the precedent wet year in a wetland of southeastern Queensland (Australia). In our study area, the cumulative precipitation in 2007 was 383 mmÁday -1 , only 2.4% higher than the mean value supplied by the Regional Weather Agency. Thirdly, the extremely high SD in the Ebro River forests relative to other studies might also be due to the frequent exclusion of saplings in SD calculations and the prevalence of shrubby saltcedars in the study area (Shafroth et al. 2002) .
In any case, the importance of forest structure parameters in the prediction of variability in litter production within the floodplain was notable with regard to the rest of the factors, with one parameter (SD) included in the three best LME models, and significant relative contributions of *30%. It is not surprising that a greater number of trees (measured as SD or as BA) leads to higher litter production with an upper limit (e.g., plot 12 in our study area), as shown by Meier et al. (2006) , and to decreasing litter production with higher densities (plots 11 and 3) and BAs (plot 7), probably because of competence for light, space, and other resources. However, although BA alone explained more litter variability than SD (Fig. 3) , the presence of the latter variable over the former one in all the models might reflect that the flooding and soil predictors shared less explained variance in litter production with SD than with BA. While the local size of the trees (partially registered in BA but not in SD) may eventually depend on the ordinary provision of water and nutrients by floods, their number is more determined by extraordinary events driving historical recruitment and tree scouring. Thus, SD might be integrating relatively more unique information than BA for the prediction of litter production, in turn being a consistently strong predictor in the LME models. Nevertheless, it is likely that the use of additional structural forest parameters, such as stem and canopy volume and dieback, tree height, or complexity indexes, could help to clarify part of the unexplained percentage of variance in the proposed models.
Litterfall chemistry as a complementary litter production predictor
The results reported here also highlight the potential of litterfall chemistry parameters as complementary litter production predictors. On the one hand, alone, they correlated well with litter production. On the other hand, the LME model including forest structure and litterfall chemistry variables predicted amounts of variance similar to the two better adjusted LME models, with P-NUE integrating the predicting capacity of flooding regime and soil surrogates (i.e., RD, soil TP and TOC) . This suggests the existence of an intimate relationship between nutrient use by plants and hydrologic and nutrient fluxes that deserves further study. In this perspective, LME models are proven to be an effective statistical tool for optimum selection of the best litter production predictors at a lower data collection cost and to better evaluate the relative role of each potential predicting factor.
Conclusions
Within the framework of a diverse tree community subjected to an intermediate to dry flooding regime, nutrient circulation (represented by flooding regime and soil variables, or alternatively, by litterfall chemistry surrogates) seems to drive the spatial variation of an overall medium to high litter production in a Mediterranean riverine forest, resulting in occasional nutrient (especially P) limitation to litter production in the outer floodplain. In the case of the Middle Ebro, river distance is the most influencing component of the flooding regime on litter production; whereas the effects of flood duration and depth to ground water are more unclear. Overall, it seems that the lack of subsidies characterizing drier hydroperiods is more detrimental to litter production than the possible stresses caused by prolonged inundations. It would be interesting to test in further studies whether the same tendency occurs within the root and wood compartments, as trees may allocate resources to different compartments depending on the flooding regime (Megonigal et al. 1997; Clawson et al. 2001 ). The role of forest structure parameters on the prediction of litterfall is also notable with constant contributions of~30% in all the proposed models. Overall, further comprehensive studies including (by decreasing order of importance) flooding regime, soil fertility, and forest structure are necessary to understand the complex process of litter production, while litterfall chemistry may be considered as a useful substitute of flooding and soil surrogates in litterfall predictions.
